Abstract Nowadays, all research efforts in the field of wet processing of textiles are directed towards shortening and simplification of the processing sequence. To minimise water and energy consumption, it has become necessary to combine several textile processing stages to reduce the number of operations or shorten the process time. An attempt was made to combine the pre-treatment and dyeing processes with optimal quantities of textile auxiliaries in single bath. In this process, individual stages of pre-treatment like desizing, scouring and bleaching followed by dyeing using direct dyes were carried out in a single bath without the usual intermediate washings. This process was carried out without replacing the liquor bath until the end of dyeing. An attempt was also made to dye a woven fabric at different stages, viz., grey, desizing and scouring. These efforts were made to conserve water and energy required for that particular pre-treatment process. The depth of dyeing and the colour fastness properties of all these dyed fabrics were then compared with a bleached fabric which was dyed with conventional method. The properties were at par with the conventional method. Moreover, the combined process saved 83.1 % water, 88.6 % energy (thermal) and 79.3 % time than the conventional processes. Thus, the process has been shown to be ecological, economical and energy conserving.
Introduction
The conventional three-stage desizing, scouring and bleaching operations are exceptionally intensive in water, energy and chemicals which ultimately influence the process cost. At the same time, limited availability of water is also a challenge. The water requirement varies from mill to mill depending on the process sequence they follow. The quantity of water required for textile processing depends on the textile process, fabric produced, the equipment type and dyestuffs.
Conventional preparation of cotton-based textiles usually involves desizing of the starch (size) applied to the yarn during weaving, scouring of the material to remove the natural hydrophobic impurities such as fats and waxes, followed by a bleaching process to impart whiteness by destroying the natural colouring matter [1] [2] [3] . The water usage required for different wet-processing stages in a typical cotton textile mill is given in Table 1 [4] .
From Table 1 , it is clear that the pre-treatment process, i.e. desizing, scouring and bleaching, involves more water usage. Also, about 55 to 60 % energy consumed in the textile industry is used in various pre-treatment stages [5] . The high consumption of water and energy for textile wetprocessing sector emphasises the urge for improvement of process, i.e. to adopt cost effective practices to reduce the use of scarce resources like water and energy. Hence, the logical approach to combine desizing, scouring and bleaching operations to save energy and water was put forward by many researchers [6] [7] [8] [9] [10] .
Various researchers have also worked on combining pre-treatment and dyeing processes using various enzymes. Quardt and Kuhl [11] have attempted to use enzymes from the beginning to the end of the finishing processes of textile substrates. Hardt et al. [12] carried out single-bath bleaching and dyeing processes with ecologically optimal textile auxiliaries. These are processes in which individual stages of treatment, viz., acid demineralisation, alkaline scouring, hydrogen peroxide bleaching and the elimination of residual peroxide with subsequent reactive dyeing occur without the normal intermediate washings. Losonczi et al. [13] studied the conventional and bio-preparation scouring processes of cotton fabrics and also studied the bleaching and dyeing with reactive dyes of such pre-treated fabrics. Kokol and Golob [14] performed biopreparation of raw cotton using enzymes and also carried out reactive dyeing in the same bath. Oner and Sahinbaskan [15] carried out all of the stages viz., desizing, scouring, bleaching and dyeing in a single bath without replacing the process water until the end of the dyeing. They named the process 'Rapid Enzymatic Single-bath Treatment' (REST), since it was completed almost in half of the conventional dyeing time.
In this work, we take further steps to challenge the conventional preparatory and the dyeing processes. The aim of the work was to ensure efficient reduction in water consumption in the cotton wet-processing sector. There is a tendency to use more amount of water than required while removing the residual chemicals during rinsing [16] . To fulfil the objective, an unprocessed grey fabric was subjected to combined pretreatment and dyeing process which was carried out using all the conventional chemicals in the same bath. Successful attempt were also made to dye fabrics at grey stage, desized stage and scoured stage. This was carried out to check the dyeing efficiency of a grey fabric after various steps of pretreatment. Through this attempt, we tried to question the practical need of pre-treatment processes given to a grey fabric. These processes impart hydrophilicity to the otherwise hydrophobic grey fabric. We were able to dye a grey unprocessed fabric with acceptable and almost comparable properties as of a RFD fabric in our work. Though the absorbency time of grey dyed fabric is more, one can utilise these fabrics depending on their end use, e.g. upholstery fabric, technical textiles, etc. where a good absorbency is not of utmost importance. We also should take into notice that this can tremendously save water, chemicals and energy required for processing a fabric for making it ready for dyeing.
Thus, efforts were made towards not only reducing the water intake and minimise the intermediate washings but also to minimise the intake of chemicals wherever possible to make existing process, 'more sustainable' and 'environment friendly'.
Materials and methods

Materials
A 100 % grey cotton fabric used for experiments was procured from Tata mills, Mumbai, with a plain weave having a yarn count of 40 (The count of the cotton yarn is equal to the number of 840-yard skeins of cotton required to weigh 1 pound) and with a weight of 85 g/m 2 . The size content on the grey fabric was 12 %.
The chemicals used were hydrochloric acid (HCl), wetting agent (Turkey Red Oil), sodium hydroxide (NaOH), sodium carbonate (Na 2 CO 3 ), hydrogen peroxide (H 2 O 2 ), sodium silicate (peroxide stabiliser), Glauber's salt and glacial acetic acid. All chemicals were supplied by S.D. Fine chemicals and were of AR grade. Saradye FN (dye fixing agent) was procured from Sarex Chemicals Ltd.
The direct dyes namely, CB Direct Red 5B, CB Direct Blue GLL, CB Direct Black FR, CB Direct Olive Green BL, CB Direct Yellow 5GLL and CB Direct Turquoise Blue BRLE 150 %, procured from Colorband India Pvt. Ltd were used for the study.
Experimental methods
Conventional methods
Desizing process Initially weighed grey cotton woven fabric was taken and treated with 2 % HCl and 1 % wetting agent at a temperature of 50-60°C for 2 h, excluding the time required for heating, which is 15 min at a heating rate 2°C/min, with a material to liquor ratio (MLR) of 1:30 in a standing bath. After this, the sample was given a cold wash for 5 min followed by hot wash at 60°C for 10 min. The fabric was given a neutralisation treatment with dilute alkali at 30°C for 10 min and dried. Weight loss was measured. The fabric sample was also given Tegewa rating to ensure proper size removal.
Scouring process Initially weighed desized cotton woven fabric was treated with 10 g/L NaOH, 5 g/L Na 2 CO 3 and 2 g/L wetting agent at boil for 2-3 h, excluding the time required for heating, which is 35 min at a heating rate 2°C/min, at MLR of 1:30. After this, the sample was given cold wash for 5 min followed by a hot wash at 60°C for 10 min and dried and weight loss and absorbency was calculated.
Bleaching process Initially weighed desized and scoured cotton woven fabric was taken and treated with 5 g/L H 2 O 2 , 2-5 g/L Sodium silicate and 2-5 g/L Na 2 CO 3 at a temperature of 80-85°C for 1 h, excluding the time required for heating, which is 27 min at a heating rate 5°C/min at an MLR of 1:30. After this, the sample was given cold wash for 5 min followed by a hot wash at 60°C for 10 min and was neutralised by acetic acid at 30°C for 10 min. The fabric was dried and measured for Whiteness Index to ensure complete decolourisation of coloured impurities.
Direct dyeing of cotton fabric A dye bath was prepared at room temperature by adding bleached cotton fabric and required amount of Glauber's salt. Sodium carbonate was added only for black shades to get a pH of 7-8. Then, required amount of dye was pipetted out from stock solution (1 %) into dye bath. The temperature of the dyebath was raised to 100°C by keeping 1.5°C/min temperature gradient and the process was carried out for 1 h in rota dyer at an MLR of 1:20. After this, the bath was drained and the fabric was rinsed thoroughly with cold water for 5 min followed by treatment with 1 % dye fixing agent at 60°C for 30 min. Then, the fabric was rinsed and dried.
Modified method
In the modified method, pre-treatment and dyeing was carried out in a single bath. A dye bath was prepared at room temperature using 1 g/L wetting agent, 5 g/L NaOH, 3 mL/L H 2 O 2 , 50 % w/v (i.e. 50 g of hydrogen peroxide was weighed and was diluted up to 100 ml of water.) 1 g/L sodium silicate (peroxide stabilizer). The required amount of direct dye was also added in the same bath along with 15 g/L Glauber's salt. Sodium carbonate was added only for black shades to get a pH of 7-8. To this bath, grey woven fabric was added. Temperature was raised to 100°C by keeping 1.5°C/min temperature gradient and processing was carried out for 1 h in rota dyer at an MLR of 1:20. The fabric was then rinsed thoroughly with cold water for 5 min and was treated with 1 % dye fixing agent for 30 min at 60°C. Fabric was again given cold wash for 5 min and air dried.
Testing and analysis
Testing of desized fabric
Principle With starch sizes, the Iodine reagent (Iodine ? Potassium Iodide) produces a coloured complex of intense violet blue colour. The coloured complex formed is a two-dimensional complex, where iodine, the linear chain, is included in a two-dimensional structure of the starch. This test is practical because it directly indicates either the presence of the starch by a characteristic deep blue colouration or the absence of the starch by a yellowish orange or no colouration on the fabric.
Preparation of the iodine solution For preparation of iodine solution, 10 g of potassium iodide was dissolved in 100 mL of water and 0.65 g of iodine was added into it. This solution was stirred for complete dissolution. To the above solution, 800 mL water was added and further ethanol was added to make up the volume up to 1 L.
Application of the iodine solution Grey fabric sample was dipped in the above-mentioned iodine solution for 1 min, was then rinsed with cold water and dabbed with filter paper. Then, this fabric was compared immediately with violet scale (Tegewa Scale) and accordingly rating was given. The scale has 1-9 rating. Rating 1 is poor, and a 9 rating is the best which indicates complete removal of size from the fabric. Commercially acceptable rating is 6-7.
Testing of scoured fabric
Absorbency test was performed using AATCC Test Method 79-1995, details of this method are given in [17] .
Testing of bleached fabric
The bleached fabrics were evaluated for whiteness index using computer colour matching system (SpectraScan 5100?) supplied by Premier Colorscan Instruments Pvt. Ltd. Bleached fabric was evaluated for whiteness index using AATCC test method 110-2005 [18] . An average of two readings taken at two different positions of samples was used to calculate the indices.
Colour depth (in terms of K/S value and colour strength) and colour difference (in terms of L, a and b values)
Dyed samples were evaluated by determining K/S values as well as colour strength using computer colour matching system (SpectraScan 5100?) supplied by Premier Colorscan Instruments Pvt. Ltd. An average of two readings which was taken at two different positions of samples was used to calculate the Kubelka-Munk, i.e. K/S function which is given by,
where, R the reflectance at complete opacity K the absorption coefficient S the scattering coefficient The colour difference (dE) can be visualised as the distance between the standard or reference and the sample points The L a b system adopted from the CIE in 1976 is the most widely used system today [19] .
where
From the CIELAB coordinates, one can compute C (chroma) and h (hue). The Chroma or saturation (C) is the distance between achromatic point and colour is calculated from 'a' & 'b' using following equation;
The point a = 0 and b = 0 lies at the centre of the chromaticity diagram. Lower is the value of 'a' and 'b', higher is the achromaticity and lower is the purity. On the other hand, higher the values of 'a' and 'b' (ignore the negative signs), purer or more saturated or brighter is the colour.
Positive values of chroma (or saturation) indicate more saturated colour (i.e. brighter) and negative values indicate less saturated colour (i.e. duller). Hue is an angle and can also be termed as purity of colour [19] .
Washing fastness evaluation
Washing fastness of dyed fabrics was done using ISO 105-C03 [20] . In this method, the specimen is sandwiched between a wool fabric and a bleached fabric and is stitched.
Then, it is placed in the container along with 5 g/L soap solution and 2 g/L sodium carbonate with an MLR of 1:50. It was run at a temperature of 60 ± 2°C for 30 min. Then, the sample was removed, rinsed twice under tap water for 10 min and squeezed. Then, it was air dried and the required testing was carried out, i.e. change in the colour of the dyed specimen, staining on cotton fabric and staining of wool fabric.
Light fastness evaluation
The light fastness of the dyed samples was tested on Q-sun light fastness tester and the fastness was graded for the colour change when the samples were partially exposed to the Xenon lamp for 8 h. The method adopted is ISO 105-B02 (which is similar to AATCC 16) [21] .
Rubbing fastness evaluation
Rubbing fastness of the dyed samples was determined using automatic Crockmeter. The method adopted is from ISO 105 X12 evaluation procedure [22] . Both dry rubbing and wet rubbing of the dyed fabric were assessed. Suitable testing device for determining the colour fastness to rubbing consists of a reciprocating straight line rubbing motion and a rubbing finger. The rubbing finger shall exert a downward force of 9 ± 0.2 N moving to and fro 20 times, 10 times in each direction in a straight line along a path of 10 ± 3 cm track. A bleached white fabric is attached to the rubbing finger and is rubbed against the dyed sample. While assessing wet rubbing fastness, the fabric is moistened with water and then rubbed. The staining of the cotton rubbing cloths is assessed with the grey scale for staining.
Results and discussions
Desizing was carried out using conventional method as described in the experimental methods, weight loss and Tegewa rating was measured to check removal of size. The weight loss after desizing process was 10.5 % and a Tegewa rating of 6 was observed which was due to the removal of large quantity of size present on the grey fabric.
Conventional dyeing was carried out using direct dyes on a bleached fabric, i.e. RFD (Ready for Dyeing) fabric. Also, grey, desized and desized-scoured fabrics were dyed using direct dyes by same method as of the conventional dyeing. One bath pre-treatment and dyeing was also carried out. The results in terms of dE, K/S, relative strength, L, a, b, C, h values of all the dyed fabrics are given in the Table 2 . A graphical representation of relative strength (%) of all the dyed fabric samples is given in Fig. 1 .
Colour strength measurement of dyed samples
Conventional dyeing is carried out on RFD fabric and thus for all comparisons the relative strength of the RFD fabric was taken as 100 %. From Table 2 , it is evident that the grey fabric as well as desized fabric in all cases (dyes) showed higher relative strength and K/S in comparison with that of the RFD fabric. This may be attributed to the fact that starch being present on the fabric as size also has affinity for the dyes as it is chemically similar to cellulose of cotton (Figs. 2, 3) . Thus, dye adsorption by the cellulose as well as starch adhered on the grey fabric gives higher adsorption of dye leading to higher K/S or colour strength.
In case of desized fabric, although large amount of starch was removed during desizing, residual starch on desizing treatment onto the fabric which can be understood by the fact that only a weight loss of 10.5 % was observed whereas total amount of size present on the fabric was 12 %. This leads to higher absorption of dye on desized fabric compared to RFD fabric and thus higher colour strength.
When scoured fabric was dyed with direct dyes, approximately same relative strength as that of conventional dyed fabric was observed. Similarly for one step pretreatment and dyeing process, the relative strength was approximately same as the conventionally dyed fabric. dE is a term used to denote the tonal variation between two dyed fabrics and it is observed that a dE B 1 shows a tonal variation which cannot be identified by naked eye. From Table 2 , it is clear that dE for most samples has been observed to be \1 which means that there is no significant tonal variation. However, for fabrics dyed with CB Direct Olive Green BL, CB Direct Yellow 5GLL and CB Direct Turquoise Blue BRLE 150 %, a high dE has been observed which may be attributed to the fact that unbleached fabric (grey fabric) has natural coloured impurities which are leading to the tonal variation. Table 2 also shows L, a, b, C and h values. Colour is judged from its lightness or darkness and its tone. The lightness or darkness is represented by the symbol L and the tone is specified by two components 'a' and 'b'. It can be thus interpreted from Table 2 that the L values of all the dyed fabrics are nearly similar to the control fabric. The only exception is with the lighter dye yellow 5GLL, where the L value of grey-dyed fabric is slightly less than the control. This may be due to the fact that the grey fabric is duller in appearance than the bleached fabric (control). Chroma (C) values of all the dyed fabrics were also approximately in line with the control fabric.
Higher relative strength of grey dyed fabric is attributed to presence of starch as size on the fabric leading to higher absorption as explained earlier. This can also hinder the penetration of the dye inside the core fibre. Therefore, it was thought appropriate to check the penetration of dyes into the interior of fibre. For this, cross-sectional views of the dyed fabric samples were taken under optical microscope with a magnification of 509. From Fig. 4 , it can be seen that, in all the dyed samples, the dye has penetrated into the fibre similar to the control (RFD) fabric. Figure 5 shows a cross-sectional image of a denim fabric, which is ring dyed. This cross-section was taken to confirm the fact that the dyeing carried out gives well penetrated dyeing and not ring dyeing.
Colour fastness properties of dyed samples
The fastness properties of the dyed samples were also evaluated and depicted in Table 3 . All the colour fastness properties of dyed samples, i.e. washing fastness, light fastness as well as rubbing fastness were found to be at par with the control (RFD) fabric. Fig. 1 Relative strengths of fabrics dyed using CB Direct dyes. Relative strengths (%) of all the various dyed fabrics using direct dyes maintaining temperature of 100°C, for 1 h using material to liquor ratio (MLR) 1:20. Red column indicates Red 5B dye, dark blue column indicates blue GLL dye, yellow column indicates yellow 5GLL dye, black column indicates black FR dye, green column indicates olive green BL dye and light blue column indicates Turquoise (Turq.) Blue BRLE dye The absorbency of the dyed fabrics was checked which can be seen in Table 4 . Due to treatment at boiling temperature during one bath dyeing process, there is improvement in the absorbency as compared to the grey undyed fabric; however, it is lesser than the control fabric. Absorbency of dyed scoured fabric is similar to the control fabric as almost all the impurities are removed up to the scouring stage and only coloured components are left out to be removed further in bleaching.
Comparison of conventional and combined process
It is imperative to study the comparison of new process as against the well set conventional processes. Tables 5 and 6 shows the consumption of water, energy and time in conventional processes and combined process, respectively.
For calculation purpose, the fabric weight was taken as 1 kg. The total amount of water used in the conventional processes (including the washing steps) is 529 L while that required by the combined process is 89 L (as seen from Tables 5, 6 ). There is thus an incredible saving in the water usage which is 83.17 %. The total heat energy required for the separate pretreatment and dyeing processes is 16,930 kcal (70801.26 kJ); for the calculation purpose, the energy loss to atmosphere was excluded. On the other hand, the energy required for the combined pre-treatment and dyeing process is 1,930 kcal (8071.26 kJ). From this, it can be seen that there is 88.60 % energy saving in the combined process.
The total time required to process a grey fabric into a dyed one is 460 min, excluding the time required for heating and cooling of the baths. This includes all the steps of pre-treatment, i.e. desizing, scouring, bleaching and then dyeing using direct dyes. On the other hand, a combined pre-treatment and dyeing process takes only 95 min, i.e. 79.3 % reduction in time for the same work.
Conclusion
The single-bath pre-treatment and dyeing method saves not only the time of treatment but also water and energy. The relative strength of these dyed samples showed good results and they were very similar or in some cases slightly higher than the control sample. The nominal reduction in the relative strength observed in few cases is due to the Red Where A control (RFD) fabric dyeing, B grey fabric dyeing, C desized fabric dyeing, D scoured fabric dyeing, E one bath pre-treatment and dyeing CC change in colour, SC staining on cotton, SW staining on wool One bath pre-treatment and dyed fabric [10] [11] [12] destruction of dye molecules taking place in case of sensitive dyes due to the presence of hydrogen peroxide in the bath or the products formed during degradation of size which are of reductive nature in the bath. It can also be seen that a grey unprocessed fabric can also be dyed with acceptable properties as of the RFD fabric. The combined processes lead to substantial saving in water (83.17 %), energy (88.60 %) and time (79.3 %) along with chemicals and money.
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